Introduction {#Sec1}
============

The pathophysiology of psoriasis is affected in part by the aberrant regulation and secretion of proinflammatory cytokines, including interleukin (IL)-17A \[[@CR1]--[@CR3]\]. Secukinumab (Cosentyx^®^, Novartis), a fully human monoclonal antibody (mAb) that selectively neutralizes IL-17A, has been shown to have significant efficacy in the treatment of moderate to severe plaque psoriasis (PsO) and psoriatic arthritis (PsA) \[[@CR4]--[@CR11]\], demonstrating a rapid onset of action and sustained responses with a favorable safety profile. Of the 2842 patients receiving secukinumab across six phase 3 psoriasis clinical trials, only 0.4% developed treatment-emergent anti-drug antibodies (ADAs) over 3 years of treatment \[[@CR4]--[@CR10], [@CR12]\].

Biotherapeutics, including mAbs, are immunogenic to varying extents depending on a range of factors \[[@CR13]--[@CR17]\]. These factors can be product-specific or patient/treatment-specific. Product-specific attributes include the structure and origin of the therapeutic, where fully human antibodies like secukinumab tend to be less immunogenic compared to chimeric or humanized mAbs \[[@CR18]--[@CR21]\]. However, there are also exceptions and fully human antibodies, such as adalimumab, can demonstrate higher levels of immunogenicity that is likely driven by the complementarity-determining regions (CDRs) of immunoglobulin molecules \[[@CR20], [@CR22], [@CR23]\]. Patient/treatment-specific factors include the patient's disease and genetic characteristics, the dose frequency, dose amount, and route of administration of the therapeutic. Clinical immunogenicity can range from mild, transient antibody responses with no apparent clinical manifestations to loss of therapeutic efficacy and even life-threatening reactions \[[@CR24]--[@CR28]\].

Secukinumab and ixekizumab (Taltz^®^, Eli Lilly) are two therapeutic antibodies targeting IL-17A, while ustekinumab (Stelara^®^, Janssen) binds both IL-12 and IL-23 and adalimumab (Humira^®^, Abbvie) binds and inhibits tumor necrosis factor alpha (TNFα). Except for ixekizumab, the tested therapeutic antibodies are approved for treatment of PsO and PsA in EU and US. Ixekizumab is currently approved for treatment of PsO only.

In line with the low clinical immunogenicity observed, secukinumab has previously demonstrated lower potential for immunogenicity compared with other therapeutic antibodies used to treat PsO and PsA in an in vitro antigen presentation assay, major histocompatibility complex (MHC)-associated peptide proteomics (MAPPs), and a T cell assay \[[@CR29]\]. Similar experimental approaches for rituximab and infliximab have shown that T cell epitopes that are recognized by pre-existing T cells from drug-naïve healthy donors can stimulate T cells collected from treated granulomatous uveitis, Crohn's disease and rheumatoid arthritis patients who developed ADAs \[[@CR30]\]. These data emphasize the predictive value of evaluating in vitro the pre-existing T cell repertoire in healthy donors to anticipate immunogenicity potential of therapeutic antibodies in patients.

The immunogenicity potential of therapeutic antibodies was compared by evaluating the frequency of mAb-specific pre-existing T cells using an in vitro T cell assay \[[@CR31]\]. In this study, four mAbs were compared (secukinumab, ixekizumab, adalimumab and ustekinumab).

Methods {#Sec2}
=======

T Cell Assay {#Sec3}
------------

The therapeutic antibodies were tested in an in vitro T cell assay and the frequency of specific T cells present in the blood of the donors was evaluated for each antibody. Peripheral blood mononuclear cells (PBMCs) were obtained from blood cells collected at the Etablissement Français du Sang (EFS, Rungis, France), as buffy-coat preparations from 16 HLA-DRB1 typed anonymous healthy donors who gave informed consent, in accordance with EFS guidelines. All the samples were genotyped for HLA-DRB1 using the Gold SSP DRB typing kit (One lambda) after DNA extraction from PBMCs with NucleoSpin Blood QuickPure Kit (Macherey-Nagel).

Antibody-specific CD4 T cell lines were generated as described previously \[[@CR31]\]. Dendritic cells (DC) were produced from plastic-adherent cells of PBMCs while CD4 T cells were isolated from PBMCs by using magnetic microbeads (Miltenyi Biotech). The quality of the DCs was assessed by labelling of markers HLA-DR, HLA-A,B,C, CD14, DC-SIGN, CD86 and CD80. DCs were separately loaded overnight at 37 °C with keyhole limpet hemocyanin, KLH (Sigma), used as a positive control (0.25 µM), or with the therapeutic antibodies secukinumab, ixekizumab, adalimumab or ustekinumab (1 µM) and matured with lipopolysaccharide (1 µg/mL). CD4 T cells (200 000/well) were stimulated by protein-loaded DCs (20,000/well) and cultured during 21 days. The number of antigen specific T cells was identified by interferon gamma (IFN-γ) ELISpot assay using an AID ELISpot Reader System. An overview of the T cell assay procedure is presented in Fig. [1](#Fig1){ref-type="fig"}.Fig. 1T cell assay procedure. *IL* Interleukin, *IFN* interferon, *GM-CSF* Granulocyte macrophage colony-stimulating factor, *LPS* lipopolysaccharide, *PBMCs* peripheral blood mononuclear cells, *DC* dendritic cell. Monocyte-derived Dendritic cells (DC) were separately loaded with keyhole limpet hemacyanin, KLH or with the therapeutic antibodies secukinumab, ixekizumab, adalimumab or ustekinumab and matured with lipopolysaccharide. CD4 T cells were stimulated by protein-loaded DCs and cultured during 21 days. Their antigen specificity was tested by IFN-γ ELISpot assay

Antibodies and Control Protein {#Sec4}
------------------------------

Four therapeutic antibody samples (secukinumab, 150 mg/mL; ixekizumab, 90 mg/mL; adalimumab, 50 mg/mL; infliximab 10 mg/ml) were obtained from a pharmacy and stored according to the instructions provided. The four mAbs were reconstituted according to instructions in the package insert to ensure that quality of the material used in this study was equivalent to the quality of the preparations that patients inject to treat their disease. The mAbs were then diluted to the final concentration in cell culture medium. KLH was stored at − 20 °C as a 10 mg/mL stock solution in water. For the studies, an aliquot of KLH was thawed and immediately diluted to the required concentration in cell culture medium.

T Cell Assay Data Analysis {#Sec5}
--------------------------

CD4 T cell lines were considered specific when a spot count was 2-fold higher in the presence of the protein than in its absence, with a minimal difference of 25 spots. The frequency of pre-existing, specific CD4 T cells was calculated by considering that the CD4 T cell distribution at the initiation of the culture follows the Poisson distribution and the proportion of culture wells that were reacting to the protein. Calculations were based on the following formula: Frequency = − Ln ((Number of non-specific CD4^+^ T cell lines/Total number of CD4^+^ T cell lines seeded))/(Number of CD4^+^ T cells/well). The overall mean frequencies of protein-specific CD4 T cells and of responding donors were calculated with the data collected in all the donors \[[@CR32]\].

Levels of immunogenicity potential were discriminated based on previous experiments performed with immunogenic and non-immunogenic proteins \[[@CR31], [@CR32]\] or peptides \[[@CR33]\] (Table [1](#Tab1){ref-type="table"}).Table 1Levels of immunogenicity potential, discriminated based on previous experiments performed with immunogenic and non-immunogenic proteins \[[@CR29], [@CR32]\]Immunogenicity potentialMean frequency (cells/million cells)^a^High\> 1Moderate0.1--1Low\< 0.1^a^Combines responding donor frequency with the number of pre-existing T cells per donor Values above 1 cell × 10^6^ CD4 T cells: All the proteins evaluated in the T cell amplification assay reaching this level of response correspond to strongly immunogenic proteins (KLH, murine antibodies, ovalbumin, glutathione S-transferase, LIPO-5 vaccine). The immunogenicity potential is considered HIGH.

Values between 0.1 and 1 cell × 10^6^ of CD4 T cells: The proteins responding in the T cell amplification assay within this range of response correspond to proteins immunogenic in a selection of patients only (infliximab, adalimumab, rituximab) or proteins rarely immunogenic (hEPo, bevacizumab). The immunogenicity potential is considered MODERATE.

Values below 0.1 cell × 10^6^of CD4 T cell: The proteins with this level of response correspond to low or non-immunogenic proteins (insulin, etanercept, trastuzumab). The immunogenicity potential is considered LOW.

All procedures were in accordance with the Helsinki Declaration of 1975. Written informed consent was obtained from each participant before any study procedure.

Statistical Analysis {#Sec6}
--------------------

The T cell data were analyzed using the Quade test \[[@CR34]\], the non-parametric version of a two-way analysis of variance (ANOVA), that included donor as a blocking effect in the analysis and weights by the range of specific cell line results within each donor. The positive control KLH data was not included in the statistical analysis. In the analysis of the data listed in Table [2](#Tab2){ref-type="table"}, Donor 12 has the largest range of antibody response (i.e. 0--12) and therefore the biggest influence in the statistical analysis while Donors 11 and 14 with zero antibody response had no influence in the statistical analysis.Table 2Number of specific T cell lines generated by each donor in response to each mAbDonorsKLHSecukinumabUstekinumabAdalimumabIxekizumab1101102210003431000114903005100015680010790002860401990020109030011900001210024121390012146000015800101670116Total134/1601/38414/38415/38435/384Responders16/161/166/169/169/16For each donor a total of 24 wells were tested per mAb, 10 wells were tested for the positive control KLH. The number of specific T cell lines generated corresponds to the number of culture wells that were reacting to the respective mAb

Results {#Sec7}
=======

In this study, the frequency of pre-existing T cells in a set of 16 healthy drug-naïve blood donors was evaluated. The donors were genotyped for HLA-DR and included the most common HLA-DR alleles found in the ethnically mixed European population (Supplementary Table 1). Minor alleles alone, such as HLA-DRB1\*09, HLA-DRB1\*10 and HLA-DRB1\*12, were not represented in the panel of donors tested.

The highly immunogenic protein KLH was used to assess the capacity of the donors to react to antigens and to demonstrate that they are not immunosuppressed. KLH was tested in 10 parallel cultures (replicates) per donor.

All 16 donors responded strongly to KLH with between 6 and 10 T cell lines being raised per donor, demonstrating that all the donors were able to respond to antigenic stimuli and were not immunosuppressed (Table [2](#Tab2){ref-type="table"} and Supplementary Figure 1). Accordingly, T cell lines from all 16 donors were raised against each of the four antibodies, secukinumab, ustekinumab, adalimumab and ixekizumab, in 24 replicates. The number of T cell lines was used to calculate the frequency of CD4 T cells circulating in the blood of each donor that is specific for the corresponding protein. The frequency of pre-existing T cells was estimated assuming a Poisson distribution as described in the methods.

Only one of the 16 donors responded to secukinumab, generating only one T cell line (Table [2](#Tab2){ref-type="table"} and Fig. [2](#Fig2){ref-type="fig"}a). Hence, the frequency of specific pre-existing T cells for the one donor responding to secukinumab was 0.21 T cells per million T cells. Considering the whole study with all 16 donors, this corresponds to a mean frequency of 0.01 secukinumab-specific pre-existing T cells per million T cells (Table [3](#Tab3){ref-type="table"} and Fig. [2](#Fig2){ref-type="fig"}b).Fig. 2**a** Comparison of the frequencies of donors responding to the mAbs in the T cell assay. **b** Size of the pre-existing mAb-specific CD4 T cell repertoire: number of specific T cells per million T cells for each mAb tested. The therapeutic antibodies were tested in an in vitro T cell assay and the frequency of mAb-specific T cells present in the blood of 16 healthy donors was evaluated for each antibody. CD4 T cell lines were considered as specific when a spot count was 2-fold higher in the presence of the protein than in their absence, with a minimal difference of 25 spots. The frequency of pre-existing specific CD4 T cells was then calculated by considering that the CD4 T cell distribution at the initiation of the culture follows the Poisson's distribution and on the basis of the proportion of culture wells that were reacting to the protein. A donor is considered a responder if at least one T cell line could be detected. Figure 2a depicts the percentage of responding donors. Figure 2b presents the frequency of pre-existing T cells for each donor (circle) as well as the overall mean frequency for the respective mAb (line). Nonparametric Quade test was applied to rank the responses. *p* \< 0.01 (\*\*); *p* \< 0.05 (\*); ns = not significant (*p* \> 0.05) Table 3Frequency of mAb-specific pre-existing T cells per million T cells within each donorDonorKLHSecukinumabUstekinumabAdalimumabIxekizumab111.51^a^0.210.210.000.44211.51^a^0.000.000.670.91311.51^a^0.000.000.210.21411.510.000.670.000.00511.51^a^0.000.000.211.1768.050.000.000.210.00711.510.000.000.000.4484.580.000.910.000.21911.510.000.000.440.001011.510.000.670.000.001111.510.000.000.000.001211.51^a^0.000.440.913.471311.510.000.000.210.44144.580.000.000.000.00158.050.000.000.210.00166.020.000.210.211.44Mean9.870.010.190.210.54The frequency of pre-existing specific CD4 T cells per million T cells was calculated by considering that the CD4 T cell distribution at the initiation of the culture follows the Poisson's distribution and on the basis of the proportion of culture wells that were reacting to the protein^a^Replicates were positive. The frequency of pre-existing T cells is therefore likely underestimated

In comparison, ustekinumab gave rise to 14 specific T cell lines from six of the 16 donors (Table [2](#Tab2){ref-type="table"} and Fig. [2](#Fig2){ref-type="fig"}a). Within these six donors, the response varied from 0.21 to 0.91 specific T cells per million T cells, resulting in a mean frequency of 0.19 ustekinumab-specific T cells per million T cells for all 16 donors (Table [3](#Tab3){ref-type="table"} and Fig. [2](#Fig2){ref-type="fig"}b).

For both adalimumab and ixekizumab, nine of the 16 donors responded, generating 15 and 35 specific T cell lines, respectively (Table [2](#Tab2){ref-type="table"} and Fig. [2](#Fig2){ref-type="fig"}a). For adalimumab, the individual frequencies of pre-existing T cells ranged from 0.21--0.91 specific T cells per million T cells with an overall mean frequency of 0.21 adalimumab-specific pre-existing T cells per million T cells for all 16 donors. For ixekizumab, the range was 0.21--3.47 and a mean of 0.54 ixekizumab-specific pre-existing T cells per million T cells for all 16 donors (Table [3](#Tab3){ref-type="table"} and Fig. [2](#Fig2){ref-type="fig"}b).

These differences were significant between secukinumab and ixekizumab (*p* \< 0.01), secukinumab and adalimumab (*p* \< 0.05), and ustekinumab and ixekizumab (*p* \< 0.05) when analyzed using the non-parametric Quade test.

Discussion {#Sec8}
==========

Multiple factors contribute to the immunogenicity of biotherapeutics, including molecular structure and formulation of the biotherapeutics, patient-related factors such as the type of disease and genetic background, e.g. the HLA genotype, as well as treatment-related factors such as route of administration, dose and dosing regimen \[[@CR14], [@CR16], [@CR17], [@CR20], [@CR35]\]. Proper comparison of different biotherapeutics is rendered difficult not only by these factors, but also by the nature of clinical ADA assays used, as they may differ in their sensitivity and their tolerance to interfering amounts of biotherapeutics in the sample that is being tested. Since such a direct comparison of clinical immunogenicity incidence rates between biotherapeutics is not possible, the ranges and trends of reported immunogenicity values can only allow for a very rough categorization of clinical immunogenicity such as low, moderate and high incidence rates. With an immunogenicity incidence rate of 0.4% in psoriasis clinical trials, secukinumab falls into the lower end of the low immunogenicity category \[[@CR12]\], while other mAbs used to treat psoriasis, e.g. infliximab, adalimumab and rituximab, show a wide range of clinical immunogenicity incidence rates in the real world setting and could therefore be considered having moderate to high immunogenicity potential \[[@CR29], [@CR36]--[@CR49]\].

In contrast to comparing clinical immunogenicity incidence rates, a comparative assessment of immunogenicity potential of biotherapeutics using in vitro assays might help to understand differences in immunogenicity, as it allows side-by-side evaluation of these biotherapeutics in the same donors under identical and well-controlled conditions \[[@CR29], [@CR31], [@CR50]--[@CR54]\]. It should be noted however, that this type of comparison does not allow conclusions to be drawn on the clinical relevance of ADA, such as secondary failure of a treatment. In a previous study, we used in vitro assays to examine the immunogenicity potential of different therapeutic mAbs based on their antigen presentation as well as their ability to induce T cell proliferation and IL-2 release, which is linked to proliferative capacity, in healthy donors \[[@CR29]\]. A challenge for studying immunogenicity in in vitro T cell assays is that responses against mAbs are typically weak, which can be attributed to high sequence similarity between mAbs and endogenous antibodies. In order to address this limitation and to provide biologically meaningful data, we assessed the immunogenicity potential of therapeutic antibodies by determining the frequency of pre-existing T cells in humans, which can respond to the therapeutic antibodies of interest. Rather than investigating T cell proliferation and IL-2 release, we focused on IFN-γ release since the conditions of the in vitro culture promoted Th1 responses. In contrast to IL-2, IFN-γ is also released by non-proliferating memory cells. We recently described such an assay approach by investigating in vitro the predictive value of the mAb-specific pre-existing T cells of healthy blood donors to anticipate immunogenicity potential of the two mAbs infliximab and rituximab in patients \[[@CR30]\]. Although immune responses may be stronger in autoimmune conditions such as psoriasis, the use of healthy donors rather than patients has been proven appropriate for a comparative assessment of immunogenicity potential since patient-derived T cells responded to the very same peptides, which were identified using the assay approach applied here \[[@CR30]\].

In the present study, a more sensitive T cell assay format was used to determine the frequency of pre-existing mAb-specific T cells in healthy donors \[[@CR31]\]. As seen previously, secukinumab demonstrated the lowest immunogenicity potential. Compared with ixekizumab and adalimumab, the immunogenicity potential was significantly lower, as evidenced by a significantly lower number of donors responding to secukinumab and a significantly lower frequency of pre-existing T cells responding to secukinumab. According to previous experience, this mean frequency is within the range of low or non-immunogenic proteins such as insulin, etanercept or trastuzumab and is therefore considered overall to represent a low immunogenicity potential, which is consistent with the observed clinical immunogenicity incidence rate \[[@CR4]--[@CR10], [@CR12], [@CR31], [@CR33]\]. In contrast, the mean frequencies of pre-existing T cells found for adalimumab and ixekizumab fall into a range that is typical for mAbs with moderate immunogenicity potential such as infliximab and rituximab \[[@CR30]--[@CR32]\].

Conclusions {#Sec9}
===========

Although secukinumab trended towards a lower response compared with ustekinumab, this difference was not statistically significant, which is in line with the previous study that also showed no significant difference between secukinumab and ustekinumab \[[@CR29]\]. In summary, this in vitro study confirmed the significantly lower immunogenicity potential for secukinumab in comparison to adalimumab and demonstrated a significantly lower immunogenicity potential in a direct comparison with ixekizumab. These data indicate that the reason for the low clinical immunogenicity rate observed for secukinumab in comparison to other therapeutic antibodies may be related to the presence of a low number of pre-existing T cells that can respond to the antibody. Whether the potential of the different antibodies to induce a T cell response is based on their unique primary amino acids sequences, and/or levels of humanization is an active area of current research.
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